Rotary atomizers are widely used for spray drying processes to produce powders in various industrial applications. The atomization regime and therefore the droplet size distribution have a substantial impact on the process outcome. Depending on the intended use of the dried powder particles, various droplet size distributions are desired, which should be adjustable by the main operating parameters (e.g. mass flow rate and wheel speed). In this study the spray of a rotary atomizer wheel, operated under normal ambient conditions, is characterized for different mass flow rates, wheel speeds and viscosities with the help of a phase Doppler measurement system. Visual investigations of the spray with a high resolution camera system help to get a better understanding of the atomization process, as well as the thickness of the liquid jets exiting the atomizer.
Introduction
The intended use of the dried powder obtained with a rotary atomizer in a spray drying process [1] or for flue gas cleaning [2] determines the desired size distribution of the powder particles, their morphology and porosity. It is important to understand the influencing parameters on the droplet size distribution for a given geometry of an atomizer to be able to change them to achieve a desired droplet size distribution. In rotary atomizers the liquid is first supplied to the internal atomizer reservoir, flows from there into several (ceramic-) inserts (mainly driven by the centrifugal force due to the atomizer rotation) and is then ejected into the surrounding air. The jets of the processed liquid then breakup and atomize into drops with a certain size distribution. Besides the spray drying industry [3, 4, 5] rotary atomizers [6, 7] and ligament based atomization is also used in numerous other applications, e.g. painting, coating, and generation of agricultural sprays (spreading of pesticides) [8] . The primary atomization process for laminar operating rotary atomizers has already been expressed in terms of dimensionless numbers [9, 10] , but such atomizers operate at much lower rotational speeds and mass flow rates compared to the atomizers investigated in this study.
Experimental Method
The experiments in this study are conducted with two different experimental setups, as shown in Fig. 1 . In both setups a rotary atomizer wheel, a liquid supply system and a spray trap, to catch the atomized liquid, are used. The atomizer is operated at 10,500 1/min to 29,000 1/min and the feed rate is varied between 50 kg/h to 450 kg/h. The processed liquids are water (viscosity η = 1 mPa s) and two different aqueous glycerol water solutions (viscosity η = 20 mPa s and η = 50 mPa s). The first experimental setup (cf. Fig. 1(a) ) comprises a high resolution imaging system to observe the atomization process and to (optically) measure the thickness of the liquid jet exiting the atomizer wheel. For further investigations of the atomization a phase Doppler (PD) system is used, as shown in Fig. 1(b) . The high resolution imaging system consists of a pco-edge 5.5 camera (resolution: 2560 px × 2160 px, 30 Hz), a Nikon AF Micro Nikkor lens with 105 mm focal length, a DualPower 200-15 laser system with 6 ns pulse length and a ShadowStrobe optics to illuminate the diffusing plate by using a mirror. The laser is capable of generating laser pulses at 15 Hz per cavity and therefore only every 6th to 16th revolution can be captured. Nevertheless, this low frequency is not an obstacle for the collection of a large number of images to achieve statistical significance. The camera is operated in global shutter mode and, due to the short illumination time (6 ns), no motion blur is observed, although the speed of the wheel can reach up to 150 m/s. The field of view (FOV) is 17.5 mm × 14.8 mm, resulting in a resolution of 6.85 µm/px. The PD system (cf. Fig. 1(b) ) is operated in the dual-mode configuration to measure droplet size and velocity distributions of the resulting spray [11] . By adjusting the orientation of transmitting and receiving probe the tangential and radial velocity of the spray exiting the atomizer wheel can be measured. The gravitational influence and the resulting velocity component is neglected, as the spray is oriented horizontally. The PD system can be moved laterally in a range of 30 mm to 190 mm distance to the wheel, to be able to capture different stages of the atomization process. The main settings of the system, used to acquire the data presented in this study, are summarized in Table 1 . As the atomizer wheel has 4 inserts that pass by the measurement volume of the PD system, the measured spray is Alternative configuration with the laser spray diagnostic system (PD) to measure droplet size and velocity. The PD system can be moved laterally using a traversing system to perform measurements at different positions.
highly unsteady. An encoder signal from the atomizer (one signal per revolution) is used as a reference signal for the PD measurements. The detected droplets are assigned to the reference signal in time, which makes it possible to conduct angular resolved measurements (phase averaged with 0.5°resolution). 
Mechanisms of observed Atomization
The atomization is observed with the high resolution imaging system (cf. Fig. 1(a) ) and shown exemplary for one operating point and different viscosities in Fig. 2 . The angular velocity and feed rate are kept constant from Fig. 2 (a) to 2(c). The processed liquid exits the atomizer wheel through the ceramic insert in a jet type flow, where most of the liquid is accumulating on the trailing edge. This effect is caused by the Coriolis force acting on the liquid. The Coriolis force is acting perpendicular to the main (radial) jet velocity and, by considering the vector of rotation, the liquid is forced towards the trailing edge of the insert (cf. Fig. 2 ). In addition to the main jet at the trailing edge, the liquid exits the insert in an annular film flow, wetting the hole periphery of the insert. At a viscosity of η = 1 mPa s the thin annular film breaks up immediately after the exit (cf. Fig. 2(a) ), whereas an increasing viscosity provokes small fingers, protruding from the thin annular film (cf. Fig. 2(b) ). These small fingers get longer with a further increase in viscosity from η = 20 mPa s to 50 mPa s, as shown in Fig. 2 (c). Increasing viscosity leads to a higher mass flow through the thin annular film and a decreasing mass flow through the main jet, while the total mass flow remains constant. Based on these initial photographic images of the atomization process, it is evident that the atomization changes with different viscosities.
Airflow characterization
To better understand the mechanisms of atomization the velocity field around the wheel has to be characterized in detail. As the wheel is rotating with a high angular velocity and the ambient air in the far field is quiescent, a boundary layer develops. The tangential velocity of the wheel can be calculated bŷ
The tangential velocity of the wheel varies from 55 m/s to 150 m/s, depending on the angular velocity of the wheel.
As the wheel has radial openings and is not encapsulated from the surroundings, air is accelerated through the radial openings, based on the centrifugal force (even without water). Pipe friction causes a slight reduction of the resulting air velocity. The radial air velocity can be estimated as:
This boundary-layer flow and the radial air velocity have a significant impact on the atomization of the resulting spray, which is why further knowledge of the airflow is required. Hot-wire measurements are conducted with a single wire boundary-layer probe (55P14), to capture the evolution of the boundary layer of the pure air flow. The experiments are conducted with a StreamLine Pro CTA System from Dantec Dynamics, 20 kHz sampling rate, a 15 point calibration between 2 m/s to 60 m/s and 84 measurement positions from 0.5 mm to 101 mm. The measured air velocity is shown in Figure 3 , already split into radial ( Fig. 3(a) ) and tangential ( Fig. 3(b) ) velocity components. The decomposition of the raw hot-wire signal was done with the help of Figure 3(c) , showing the mean trend of 50,000 acquired samples for one distance and angular velocity, split into orthogonal components, as the flow is periodic due to the four inserts. Figure 3 (c) shows the resultant air velocity: the tangential air velocity is represented by the lower part and the peak shows the vector addition of the radial and tangential velocities. Figure 3(a) shows the strong deceleration of the radial air velocity within 10 mm from the wheel outer surface. Different angular velocities have a high impact on the exit velocity, but with increasing distance this impact rapidly reduces. The decay of the tangential velocity is shown in Figure 3 (b). Additional measurements are conducted 10 mm below the inserts in order to show the influence of the airflow coming out of the inserts, represented by the dashed-dotted lines. In contrast to the tangential velocity in front of the inserts, these results illustrate a different behaviour -the airflow prevents the proper evolution of a boundary layer. In the spray drying process, the airflow around the wheel is influenced by the atomized liquid, but nevertheless these measurements demonstrate the thinness of the boundary layer around the wheel. Even 0.5 mm away from the wheel the tangential air velocity is far away from the tangential velocity of the wheel itself (cf. Eq. (1)). Therefore a large relative velocity between droplets and the surrounding air is established, leading to a strong deceleration of the atomized liquid. Figure 4 shows the comparison between the experimentally (CTA) and analytically obtained air velocities (Eq. (1) and (2)). Obviously the theoretical prediction of the tangential velocity is much higher compared to the experiments, showing that already 0.5 mm away from the wheel the air is strongly decelerated. The deviation of the radial air velocity is much smaller, but increasing with the wheel speed. While theoretical prediction and experiments of ur match quite well at 10,500 1/min, they deviate from each other up to a factor of two at 29,000 1/min. This effect can be explained by the insufficient temporal resolution of the experimentally obtained radial insert (air) velocity ur. For example at 29,000 1/min only 10 measurement points can be acquired for 90°, due to the 20 kHz sampling rate (cf. Fig. 3(c) ). Furthermore this can lead to an underestimation of the actual air velocity. 
Spray characterization
To characterize the atomization process and the resulting spray, PD measurements are conducted. As the PD system in dual-mode configuration can only measure almost spherical droplets and not a liquid jet, the measurements are conducted beyond the primary breakup zone. From a point 30 mm radially from the wheel, data is acquired every further 20 mm. Either 50,000 samples or at least 60 s of measurement time are recorded. Due to the inhomogeneous spray and the liquid jets in the vicinity of the wheel, the validation is poorer compared to the validation in the homogeneous spray, as shown in Fig. 5 . With increasing distance, the validation increases and reaches up to 90 %. Higher viscosities hinder the measurements in the vicinity of the wheel, as longer ligaments are produced (cf. Fig. 2(c) ). Furthermore, it is difficult to measure operating points with 50 kg/h mass flow rate, due to the distribution of low volume of atomized liquid in the observation zone and the resulting low data rate combined with high noise levels. The spherical validation (cf. Fig. 5(b) ) is above 70 % in all cases. Figure 6 shows the angular resolved velocity components (tangential and radial) of the spray at certain distances from the wheel. Beginning in the vicinity of the wheel, four distinct velocity peaks are visible, reflecting the four inserts of the wheel. As expected, the velocity components decrease with an increase in distance to the wheel (Fig. 6 left to right) due to aerodynamic drag. The tangential velocity component flattens out faster than the radial component, as the initial tangential velocity is lower compared to the radial (also compare to CTA measurements in Fig. 3 ). As the initial tangential velocityût of the liquid at the exit of the wheel has to match the speed of the wheel, we observe a drastic decrease in tangential velocity, as already seen before. This again shows, that the boundary layer around the rotating wheel must be rather thin. Figure 7 illustrates the corresponding angular resolved droplet sizes for different radial distances. The mean diameter per angle bin is highlighted by the white markers. This plot indicates, that one mean diameter per measurement point drastically underestimates the droplet size of the jets exiting the wheel. Obviously the droplets produced by the four jets are much bigger compared to the annular thin film, and secondary droplets that are already broken up. With increasing distance, the spray becomes more and more homogeneous and the mean diameter per angle bin increases. Combined with the strong velocity size correlation, this is either a sign of coalescence or of ongoing breakup of filaments that are not recognized by the PD system in the vicinity of the wheel.
To illustrate the influence of wheel speed and mass flow rate on the resulting spray, the Sauter mean diameter D32 is plotted in Figure 8 for different viscosities at 110 mm distance. The influence of the mass flow rate on the D32 is rather small, compared to the wheel speed. This behaviour is very interesting for the spray drying industry, as Figure 7) .
(a) η = 1 mPa s, (b) η = 20 mPa s, (c) η = 50 mPa s a change in mass flow rate has a rather small impact on the resulting mean powder size. The main influencing parameter is the speed of the wheel, which can be changed very easily. With increasing viscosity ( Fig. 8(a) to 8(c) ) the D32 is increasing. The negligibly small influence of the mass flow rate still persists.
To further characterize the spray, the width of the volume distribution can be described by the relative span ∆. The relative span ∆ is a dimensionless value for the dispersion of drop sizes, where ∆ 1 describes a mono-disperse spray:
with the volume mean diameter D0.5. D0.9 and D0.1 describe the drop size, where 90 % of the drop volume, and 10 % respectively, are contained in droplets of smaller diameters. Figure 9 illustrates the evolution of the relative span ∆ for different wheel speeds (divided into zones of constant speed by the vertical black lines). Within one zone the mass flow rate increases from left to right and several distances are shown for clarity. With increasing wheel speed the relative span ∆ decreases, demonstrating a more uniform droplet size distribution (width of the droplet size distribution histogram). For higher speeds (zones to the right) the relative span ∆ increases with mass flow rate for distances further away, showing a broader distribution. For low mass flow rates and high wheel speeds (e.g. MP 37) the span ∆ is rather broad, showing a change in uniformity with increasing distance -the spray is homogeneous further away. Figure 9 tries to capture several parameters and its influence on the width of the droplet size distribution. It is rather difficult to characterize a spray with only two single numbers (D32 and ∆), but it is evident that the main influencing parameters are the speed of the wheel and the distance from the wheel. 
Conclusions
The ejection of processed liquid and the atomization process have been experimentally investigated in this study. High resolution images of the atomization process clearly show the influence of the viscosity on the formation of ligaments. Furthermore, the importance of the Coriolis force and the resulting jet shape flow of the ejected liquid is observed. Together with PD measurements, the atomization process can be characterized. In the vicinity of the wheel: the boundary layer around the wheel and the resulting strong velocity gradients have a strong impact on the atomization, as high relative velocities act on the drops. The radial oriented inserts in the atomizer wheel produce a radial velocity component, which cannot be neglected. This radial velocity component protrudes further into the surrounding air, than the tangential component, as also shown by the PD measurements. The tangential homogeneity of the spray (in terms of velocity) is reached much faster (closer to the wheel), compared to the radial homogeneity. Although the mean velocities per angle bin already show a homogeneous behaviour at e.g. 110 mm (cf. Fig.6 ), the raw values indicate that the mean value doesn't represent the behaviour of the entire spray. Furthermore, measurements conducted without the encoder, leading to one single mean velocity or diameter per measurement point, would lead to a complete missinterpretation of the results -the strong influence of the single jets would be neglected. The variation of diameters near to the wheel is comparably high (e.g. 0 µm to 215 µm), but flattens out -depending on the wheel speed and mass flow rate. Additionally, signs of coalescence could be observed, as the mean diameter increases with increasing distance to the wheel, together with a strong deceleration of the flow. The main influencing parameter was found to be the speed of the wheel and not the mass flow rate, as the resulting D32 changes drastically with the speed. The influence of viscosity of the processed liquid is -in agreement with the expectations after analysing the initial pictures of the atomization -relatively strong. An increase in viscosity leads to an increase in the resulting mean droplet diameter. The weak influence of the mass flow rate persists. The uniformity of the droplet size distribution was also analysed and it could be shown, that the relative span ∆ only deviates for high wheel speeds. Low mass flow rates lead to a more uniform droplet size distribution, which could not have be seen from the analysis of D32 alone. 
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